Abstract: Modern (Euro VI) heavy-duty vehicles have significantly lower pollutant emissions than older vehicles. However, there are still concerns regarding the emissions of refuse collection vehicles in cities, because in some cases they may use engines designed for long haulage trucks. For this reason, we tested a diesel Euro VI (step C) refuse collection heavy-duty vehicle, both in the laboratory on a chassis dynamometer and on the road, similar to the regulated in-service conformity cycle, but also with actual refuse collection cycles. Particle number (PN) and gaseous pollutants (NO x , CO, HC) were measured using a Portable Emissions Measurement System (PEMS). Additionally, in the laboratory we used laboratory grade gaseous, particle number, and FTIR (Fourier-transform infrared spectroscopy) systems to assess the PEMS. For short periods, where the exhaust gas temperature was low for the aftertreatment devices (cold start, some city conditions), the NO x emissions reached 2000 mg/km. Nevertheless, all pollutants were well below the applicable emissions limits expressed in mg/kWh for all cycles examined (in brackets the ratio to the laboratory limit): NO x < 400 mg/kWh (0.87), CO < 850 mg/kWh (0.21), HC < 12 mg/kWh (0.08), PN < 2.4 × 10 10 p/kWh (0.04). To make sure that this will always be the case, future heavy-duty type approval emissions regulations should specifically consider the urban conditions for municipality vehicles, such as refuse trucks.
Introduction
Road traffic contributes around 11% to the particulate matter (PM), 28% to black carbon, and 39% to NO x concentrations in Europe [1] . Particularly heavy-duty vehicles, which represent < 5% of the vehicle population in some major cities, contribute 40-60% of their road-traffic PM and NO x emissions [2] . In 2016, around 12% of all the reporting stations in Europe recorded concentrations above the NO 2 limit values; 88% of all concentrations above this limit value were observed at traffic stations [1] .
The pollution from engines and vehicles is controlled by type approval tests where emission standards have to be fulfilled (for example, in the European Union (EU), the "Euro" standards).
Regarding heavy-duty vehicles, the type approval of an engine is conducted in a dynamometer following a prescribed test cycle where the engine revolutions and torque are varied. This engine then can be used for various applications for instance in a truck (category N3) or a bus (category M3). Euro VI legislation [3] includes a Portable Emissions Measurement System (PEMS) based test at type approval, followed by the in-service conformity (ISC) testing, which is devised as a measure to verify 
Vehicle and Fuel
The vehicle was provided by the Environmental services company of Milan (AMSA, Azienda Milanese Servizi Ambientali). The refuse collection vehicle was equipped with a rear container loader that can lift small containers. The waste is compressed against a moving wall, powered by the same engine that moves the vehicle. The characteristics of the engine and the vehicle can be found in Table 1 . Diesel B7 market fuel (EN590) was used (biofuel content 6.2% FAME, sulfur content 8.4 ppm, polycyclic aromatics 3.4%). A commercial grade liquid reductant was used for the Selective Catalytic Reduction (SCR) system (Bluechim ® from Chimitex, Italy). 
Test Cycles
The test cycles used for the evaluation of the vehicle were (see also Figure 2 ):
• In-Service Conformity like (ISC-like): It is an extended version of the cycle required by the regulation (ISC official ) for the specific engine category (N3) to assess the emissions of the vehicle in service. It consists of an urban part (U) with cold start (U-cold), rural part (R), and motorway part (M). In some trips there was a regeneration at the last part of the motorway phase (M-Reg).
• City simulation (City-Sim): It is a custom-made cycle to simulate the operation of the vehicle in the city with start and stops and compaction (but with no waste). It starts with hot engine (coolant temperature around 70 • C).
• City (Milan refuse collection cycle): It is the actual refuse collection cycle tested in the city of Milan. It consists of a part from the depot to the city (Approach), the refuse collection (Collection) (with actual trash pickup and compaction), and the return to the dump and depot (Return). It starts with cold engine.
Figure 2.
Test cycles: ISC-like = In-Service Conformity like cycle with engine cold start consisting of urban (U), rural (R), and motorway (M) parts. In some cases, there was regeneration at the last part of the motorway part (M-Reg). City-Sim = the simulated refuse collection and refuse compactions cycle with engine hot start. City = The actual Milan City refuse collection cycle consisting of the approach to the city (Approach), the refuse collection and compaction (Collection) and the return to the depot (Return) parts.
The ISC-like cycle and the City-Sim cycles were also tested in the heavy-duty chassis dynamometer laboratory. The most important statistics of the cycles are summarized in Table 2 . The mean speeds ranged from 5.8 to 81 km/h. The idling time was maximum at the City collection part (56%). The mean power of the cycles ranged from 13% (City collection) to 38% (Motorway). The work to distance ratio (W/D) ranged from 1.01 (motorway) to 5.10 (city collection). The mean SCR temperature was above 200 • C in all cases, except at the cold start parts (U-cold and Approach). The cold start was approximately 5.6-8.8% of the total trips time.
As the main target of this study was to assess the vehicle under different driving conditions, there was no attempt to run an official ISC cycle (for details see Appendix A). 
Instrumentation
For both laboratory and on-road tests, a Portable Emissions Measurement System (PEMS) was used (Semtech-DS from Sensors Inc., Michigan, US) [19] to measure gaseous pollutants. It was sampled via a heated line at 191 • C downstream of a 4 inches exhaust mass flowmeter (EFM) connected to the tailpipe of the vehicle. It measured hydrocarbons (HC) in an FID (Flame ionization detector), NO x (NO + NO 2 ) in a NDUV (non-dispersive ultraviolet), and CO and CO 2 in a NDIR (non-dispersive Infrared) analyzer, respectively. The technical characteristics of the instrument are presented in Table 3 . The PEMS included a weather station, enabling the measurement of the temperature, pressure, and humidity of the ambient air, and a GPS (Global Positioning System) for the determination of the vehicle speed and altitude. The required power was supplied by external batteries. Before each test the PEMS was zeroed and calibrated with span gases. Note that the Semtech-DS has been replaced in the manufacturer's catalogue by Semtech-DS+ (2014 some parts, 2018 the complete unit), but nevertheless the older model is widely used (e.g., [20, 21] ). NDIR: Non-dispersive infrared detection; CLD: Chemiluminescence detection, NDUV: Non-dispersive ultraviolet; FID = Flame ionization detector; EFM: Exhaust flow meter; CVS = Constant volume sampler; NPET = Nanoparticle tester; CPC = Condensation particle counter.
For particle emissions, a modified Nanoparticle Emission Tester (NPET, from HORIBA, Kyoto, Japan) [22] was used both in the laboratory and on the road. The first diluter (10:1) was located directly at the sample probe at the tailpipe. With a 4 m line, the diluted aerosol was brought to the main cabinet, where a heated catalytic stripper at 350 • C removed the volatile and semi-volatile particles. A second dilution (10:1) cooled down the aerosol and brought the concentration to the measuring range of the isopropyl alcohol-based CPC (TSI, Shoreview, MN, USA) model 3007 with 50% counting efficiency at 23 nm (with modified saturator and condenser temperatures). The modified NPET was replaced by the OBS-ONE in 2017 with some improvements.
A connection to the Engine Control Unit (ECU) of the vehicle gave the necessary signals to calculate the engine work and auxiliary signals such as vehicle speed, etc.
The laboratory tests were conducted on the 2-axis roller dynamometer of the Vehicle Emissions Laboratory (VELA 7) of the Joint Research Centre (JRC) of the European Commission (see e.g., [23] ). The exhaust gas was connected to the full dilution tunnel with a 9 m tube (the last 4 m insulated). The full dilution tunnel with constant volume sampler (CVS) was used with a flow rate of 100 m 3 /min. With this flow rate, at least a dilution ratio of 6:1 was achieved, even for the highest loads.
Gas analyzers (AMA i60, AVL List GmbH, Graz, Austria) [24] at the tailpipe and the dilution were used (details in Table 3 ). They measured hydrocarbons (HC) with an FID (Flame ionization detector), NO x (NO + NO 2 ) with a CLD (Chemiluminescence detection), and CO and CO 2 with a NDIR (non-dispersive Infrared) analyzer, respectively. They had multiple ranges to determine accurately (typically within 2%) the concentration of the gases.
Particle Number (PN) measurements were performed using a Nanomet 1 (ViPR) system [25] . This consists of an MD19-2E rotating disc diluter followed by an ASET15-1 thermodiluter. The sample is diluted 40:1 at the sample point with the rotating disc diluter using filtered air at 150 • C. The diluted sample is then thermally treated at 350 • C in an evaporating tube and subsequently diluted in a simple air mixer diluter at a rate of 4:1. A TSI 3790 CPC [26] having a 50% counting efficiency at 23 nm and an Airmodus (Helsinki, Finland) A20 CPC [27] modified by the supplier to achieve a 50% counting efficiency at 10 nm were was used to measure the solid PN concentration.
Additional pollutants, including ammonia (NH 3 ) and nitrous oxide (N 2 O) were measured with a Fourier-Transform Infrared Spectroscopy (FTIR) instrument (Sesam i60 from AVL) [28] connected to the vehicle tailpipe, using a heated polytetrafluoroethylene sampling line (191 • C). The FTIR instrument (Nicolet Antaris IGS Analyzer-Thermo Electron Scientific Instruments LLC, Madison, WI, USA) was equipped with a multipath gas cell of 2 m of optical path, a downstream sampling pump (5.5 lpm flowrate) and had the acquisition frequency of 1 Hz with a working pressure of 860 hPa. The dispersive element of both FTIR instrument was made up of a Michelson interferometer (spectral resolution: 0.5 cm −1 , spectral range: 600-3500 cm −1 ), while the detection was achieved with a liquid nitrogen cooled mercury cadmium telluride detector.
The (empty) mass of the vehicle was 15500 kg. The mass of the refuses was approximately 4700 kg. The total mass, including instrumentation and 3 persons, was around 20500 kg. The simulated mass of the vehicle on the chassis dynamometer was 20800 kg, which represented a 50% payload as it was required in the in-service conformity heavy-duty emissions regulation. The road load coefficients were estimated based on previous similar vehicles.
Calculations
The PEMS and the laboratory automation system calculate the emissions in g/s (or particles/s) with all requirements described in the regulation (background correction for CVS, zero drift correction for PEMS, dry-to-wet correction (approximately 0.95), time alignment etc.) (see also Reference [29] for more details). No NO x humidity correction was applied in order to present real ambient NO x emissions (correction approximately 0.95). The different parts of the cycle were integrated and divided by the distance or work for the specific part. The work was calculated by the revolutions and torque provided by the ECU as required in the regulation. The results were not evaluated according to the Moving Average Window (MAW) method required in the regulation [3] because the target was to assess the emission factors and not the compliance of the vehicle (Appendix A).
The measurements at the dilution tunnel have less uncertainty because they are close to what the regulations require. The measurements at the tailpipe have a slightly higher uncertainty, usually due to the uncertainty of the exhaust flow measurement. For this reason, PEMS, tailpipe, and FTIR were compared to the analyzers at the dilution tunnel.
Results

PEMS Assessment
The PEMS was compared to laboratory grade equipment during the chassis dynamometer tests. Figure 3 summarizes the results for the exhaust flow measurements and NO x . The exhaust flow meter (EFM) of PEMS is around 4% lower than the estimated flow by the dilution tunnel (total diluted flow minus dilution air flow). The differences for NO x are within 50 mg/kWh. In addition, the NO x results from the FTIR and laboratory tailpipe analyzers are given. Their differences to the dilution tunnel analyzers were also typically within 50 mg/kWh, with a few exceptions that reached 100 mg/kWh. The emissions of CO, HC, and PN were very low, close to the detection limit of the instruments, and no figure is shown. Figure 4 presents the regulated pollutants per kWh (left panel) or per km (right panel). The results are integrated emissions (no exclusions of data) including the engine cold start emissions (ISC-like and City cycles). Even though the evaluation and the cycles were not according to the regulation, all pollutants are well within the laboratory Euro VI limits for engines or the on-road ISC limits for Euro VI vehicles, for all cycles (an additional multiplication factor of 1.5 is applied). The emissions expressed per km are also very low. The City cycles for NO x are relatively higher (around 700-900 mg/km) due to the inclusion of cold start and the short distance covered. Figure 5 presents in more details the NO x emissions (per km) measured with Portable Emission Measurement System (PEMS). The emissions are high at engine cold starts (U-cold, Approach) and city operation (City-Sim, City). The high scatter at the cold urban part (U-cold) is due to high emissions at the 2 • C test; the second test was at approximately 7 • C. There is an increase of the emissions at the motorway during regeneration (compare M and M-Reg). Results are shown for both on-road (right bars) and laboratory tests (left bars). The agreement between laboratory and on-road tests is good (35%) The FTIR measurements of NH 3 and N 2 O in the laboratory are summarized in Figure 6 . The NH 3 concentrations were low, reaching 12 ppm in the rural and motorway part during regeneration. The mean cycle NH 3 concentrations were approximately 6 ppm, well within the 10 ppm limit for Euro 6 heavy-duty engines. The N 2 O emissions ranged between 40 and 80 mg/kWh. 
Vehicle Emissions
Discussion
The three main objectives of the paper were to:
• Compare the PEMS with laboratory grade equipment.
•
Compare laboratory and on-road tests.
Evaluate the emissions of the vehicle in city conditions (in mg/kWh or mg/km).
PEMS Assessment
The comparison of the gas PEMS with the laboratory analyzers ( Figure 3 ) (called "validation" in the light-duty real-driving emissions (RDE) regulation) gave differences of up to 50 mg/kWh for NO x . The FTIR and the tailpipe analyzers had similar or slightly higher differences when compared to laboratory analyzers. It should be mentioned that the diluted values were corrected for the NO x background levels and the PEMS for the zero drift.
The PEMS uncertainty has already been assessed by many researchers. In the USA, the measurement allowance study found a NO x uncertainty (allowance) of 600 mg/kWh for 2007-2009 engines, which was around 23% of the 2007 standard [15, 17] . The NO x allowance for post 2010 engines was found to be 200 mg/kWh, which was over 60% of the 2010 Not-To-Exceed (NTE) standard [15] . A recent study at 20 mg/kWh levels found 10 mg/kWh measurement error (50%) [18] . In the EU, an uncertainty of approximately 45% at 80 mg/km levels was found (33 mg/km) assuming a drift of 5 ppm [16] . Thus, our older generation PEMS is between older PEMS assessments and the newer generation PEMS results (more details in Appendix B). As it was mentioned previously, our results were corrected for zero drift (approximately 50-100 mg/kWh), something permitted in the heavy-duty regulation, but not in the light-duty one. Note that a 5 ppm drift, which was equivalent to an error of < 25 mg/km for light-duty vehicles, for a city refuse collection cycle of a heavy-duty vehicle can reach 250 mg/km; more than ten times higher than the light-duty value due to higher exhaust flow rates and shorter distance covered.
Laboratory vs. On-Road Tests
The comparison between laboratory and on-road tests ( Figure 5 ) showed small differences (within 35% for emissions > 100 mg/km) even though the emission levels had a wide range (5-2030 mg/km). This finding for NO x (and PN with emissions around 2 × 10 10 #/kWh, but no figure is shown) is in agreement with a study that compared PN emissions [30] . The differences can be attributed to differences in engine out emissions and SCR efficiency due to: (1) different ambient conditions (around 5 • C on the road vs. 20 • C in the laboratory) (2) different weight (16000-20000 kg on the road vs. 20800 kg in the laboratory), (3) small differences in the cycles or warm up procedure (for the City-Sim), (4) the inaccurately simulated friction and aerodynamic resistances in the laboratory (also no road slope was added at the dynamometer, which can have an effect [31] ). The mean power differences between lab and on-road tests indicate that the aerodynamic resistance was underestimated and the friction resistance was slightly overestimated. For example, the mean power at the motorway part for the on-road tests was 37%, but only 30% for the laboratory tests. In any case, the important message is that there is no large discrepancy between laboratory and real world, since, for example, it was found for light-duty vehicles and reported in many studies [32] or even in the late 90s for heavy-duty vehicles [33] .
Vehicle Emissions
The tests showed that the engine fulfilled the regulated limits even when including cold start and under different test cycles. Additional pollutants, such as NH 3 and N 2 O, were also low. The NH 3 emissions (around 6 ppm) were even lower than the laboratory Euro VI type-approval limit of 10 ppm [3] . The low NH 3 concentrations are in agreement with others that measured Euro VI vehicles [6, 14] . For N 2 O there is no applicable limit, but they were lower than the USA Environmental Protection Agency (EPA) standard of 0.10 g/bhp-h (133 mg/kWh) for the heavy-duty engine Federal Test Procedure (FTP) cycle [34] ; however, it needs to be checked whether this would still hold true with the specific test cycle.
One of the main motives of this study was to explore the concerns of various researchers regarding the emissions of diesel refuse trucks. There are two main reasons for their high emissions: (1) the emissions are expressed in mg/km, and most importantly, (2) the actual city conditions are not appropriate for the specific engines and aftertreatment systems.
In our study, the vehicle was well below the limits (in mg/kWh) at all tested cycles. The emissions looked higher expressed in mg/km (see Figure 4 ) (e.g., compared with the light-duty limit of 80 mg/km). Work-based emissions that are low can be high as distance-specific emissions, if the work to distance ratio is high (see Table 1 ). Emissions are expressed per km typically for emission inventories, even though it is not applicable to heavy-duty engines and vehicles.
However, in some cases, modern engines can have high emissions in the city even when expressed in mg/kWh [14] . Cold start and/or some city conditions (e.g., traffic/congestion) result in high engine out emissions (e.g., [35] ) and low exhaust gas temperature, and consequently, the SCR system cannot work efficiently. In our study, the emissions were high during cold start and in some city conditions (see Figure 5 ). The contribution of the cold start to the average NO x emissions was 42-68% for the City cycle and 23-55% for the ISC-like cycle. The SCR temperature was < 200 • C only 3-9% of the time. This percentage of < 200 • C SCR temperature is lower but close to what other researchers measured in USA (11%) for refuse trucks [36] . In our study, the SCR temperature was on average > 200 • C (see Table 1 ), probably because the hydraulic system that was used to take in and compress the garbage increased the power demand and consequently kept the SCR catalyst temperature high even though the vehicle was idling 56% of the time. However, this also means that other refuse vehicles without such system might not be able to exceed 200 • C at the SCR catalyst, as was the case for many vehicles in another study [14] .
In order to put the results of this study in the right perspective, Table 4 summarizes the NO x emissions measured by different researchers for diesel refuse collection vehicles. The actual emission levels range from 18-32 mg/km for no-SCR vehicles and 0.4-10 mg/km for SCR-equipped vehicles. Thus, the 0.7 g/km of this study is at the low end. It should be noted that one of the lowest emitting vehicles of a recent study [14] was from the same OEM as our study, indicating that other OEMs might have much higher emissions. 
Regeneration
Another topic that needs to be considered is the regeneration. During regeneration, the emissions are higher, and this should be taken into account in the overall emission of the vehicle. Table 5 summarizes the emissions during the motorway part where regeneration took place. For the same time period, the motorway emissions of non-regenerating cycles are given. There is an approximately 200 mg/kWh increase of the NO x emissions, and 3 orders of magnitude increase of the PN. Although not reported, the 10 to 23 nm particles were only 1% higher than the 23 nm regeneration emissions. For the non-regenerating cycles, the 10 to 23 nm particles were 80% higher (but the absolute levels very low, around 1.5 × 10 10 #/km). For the specific vehicle, regeneration was triggered after approximately 1400 km of driving. The regeneration lasted < 30 min during the motorway driving (< 40 km), thus a first approximation to include the regeneration missions would be to increase the emissions without regeneration by 40/1400 (3%) of the emissions during the regeneration. For gaseous pollutants the contribution is negligible. For PN, the regeneration would bring the emission levels to 5-6 × 10 11 p/km. The results are in agreement with a study on PN regeneration emissions from heavy-duty vehicles [23] .
Outlook
The mean power demand was, in many cases, below 20% (see Table 1 ), the level below which the test emissions are not taken into account fort the current in-service conformity (ISC) pass-fail evaluation (step C). However, they were always > 10%, the limit for new vehicle types per September 2018 and for all vehicles after 1 September 2019 (Step D). The next amendment (step E) will also include cold start, and will thus cover the majority of the emission events. What also needs to be considered in the future is the type of cycle that is used to assess the emissions of refuse trucks, as it should be more representative of the actual use of the vehicle.
In closing, sustaining such powertrains (diesel refuse trucks) in cities will need further reduction of the actual NO x emissions (the rest of the pollutants were very low). It was shown that compared to older technologies there is a huge improvement; nevertheless, the ultimate goal is to reach almost zero emission levels. The same applies to other diesel heavy-duty trucks which usually have high emissions under city conditions [14, 21, 35] . One approach is using compressed natural gas (CNG) vehicles that had lower NO x emissions than diesel vehicles [9, 10, 13, 37, 38] . However, whether this is still true compared to the Euro VI diesel vehicles has to be investigated [14] . Other concepts such as hybridization need to be evaluated in the future, as in some cases they show reductions [13, 35] , but concerns regarding the operating temperature of the after-treatment devices were also raised [13] .
Conclusions
The emissions (NO x , CO, HC, particle number PN) of a Euro VI (step C) diesel refuse collection vehicle were measured on the road using a portable emissions measurement system (PEMS) and on the chassis dynamometer, using in addition laboratory grade analyzers and a Fourier-transform infrared spectroscopy (FTIR) system. The test cycles were in-service conformity and refuse collection cycles.
Firstly, the assessment of the gas PEMS with the laboratory analyzers gave differences of up to 50 mg/kWh for NO x . However, the results were corrected for zero drift (approximately 50-100 mg/kWh), something permitted in the heavy-duty regulation, but not in the light-duty one.
Secondly, the NO x emissions measured on the road were similar (within 35% for emissions > 100 mg/km) of the emissions measured in the laboratory, even though the emission levels had a wide range (5-2030 mg/km).
Thirdly, the results showed that the vehicle respected the Euro VI certification limits in all cases (number in brackets the ratio to the certification limit): NO x < 400 mg/kWh (0.87), CO < 850 mg/kWh (0.21), HC < 12 mg/kWh (0.08), PN < 2.4 × 10 10 p/kWh (0.04).
A comparison with the emissions of other diesel refuse trucks reported in the literature showed that it is one of the lowest emitting vehicles (700 mg/km vs. reported range 400-10200 mg/km). Including the regeneration events in the emissions increased the PN significantly, but the emissions still remained below the limit of 6 × 10 11 p/kWh. Additional pollutants such as NH 3 and N 2 O were also low. The NH 3 emissions (the average around 6 ppm) were even lower than the laboratory Euro VI type-approval limit of 10 ppm. The N 2 O emissions ranged between 40 and 80 mg/kWh.
Although the results of this study cannot be generalized to other vehicles, they show that Euro VI diesel vehicles can still be suitable as refuse collection vehicles.
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